Tea is one of the three greatest beverages in the world. In China, green tea has the largest consumption, and needle-shaped green tea, such as Maofeng tea and Sparrow Tongue tea, accounts for more than 40% of green tea (Zhu et al., 2017) . The appearance of green tea is one of the important indexes during the evaluation of green tea quality. Especially in market transactions, the price of tea is usually determined by its appearance . Human sensory evaluation is usually conducted by experts, and is also easily affected by various factors such as light, experience, psychological and visual factors. In the meantime, people may distinguish the slight differences between similar colors or textures, but the specific levels of the tea are hard to determine (Chen et al., 2008) . As human description of color and texture is qualitative, it is hard to evaluate the sensory quality accurately, in a standard manner, and objectively. Color is an important visual property of a computer image (Xie et al., 2014; Khulal et al., 2016) ; texture is a visual performance of image grayscale and color changing with spatial positions, which can be used to describe the roughness and directivity of the surface of an object (Sanaeifar et al., 2016) . There are already researchers who have used computer visual image technologies to identify the varieties, levels, and origins of tea (Chen et al., 2008; Xie et al., 2014; Zhu et al., 2017) . Most of their research targets are crush, tear, and curl (CTC) red (green) broken tea, curly green tea (Bilochun tea), and flat-typed green tea (West Lake Dragon-well green tea) as the information sources. However, the target of the above research is to establish a qualitative evaluation method on tea quality (Fu et al., 2013) . There is little literature on the sensory evaluation of the appearance quality of needle-shaped green tea, especially research on a quantitative evaluation model Zhu et al., 2017) .
Therefore, we applied a computer vision system to obtain the visible light image of tea's appearance, extracted the color and texture characteristics, and associated the extracted characteristic variables with experts' sensory scores. Then, with the combination of linear method and nonlinear tools, we established a sensory quality evaluation method for the appearance of needle-shaped green tea, and revealed the quantitative relation between image feature vectors and human senses. This study provided a theoretical reference and conducted exploration in the evaluation method and technical means on the appearance quality of tea. It has direct significance for the accurate evaluation of quality in tea transactions.
In the study, in total 140 needle-shaped green tea samples were collected, which comprised 40 firstlevel, 77 second-level, and 23 third-level tea samples. The tea samples were evaluated by three sensory experts from the China Tea Science Society and Department of Tea Science of Zhejiang University (Hangzhou, China). The experts evaluated the appearance quality of the tea samples through the sensory evaluation method (GB/T 23776-2009) in the code review form, which includes color, cleanliness, and uniformity (AQSIQ and SAC, 2009 ). The average score of their evaluation was taken as the final evaluation score. According to the appearance sensory scores divided by the Kennard-Stone method (MirMarqués et al., 2016) , 95 samples were used as the calibration set and the remaining 45 samples were used as the prediction set.
First, a computer vision system was designed. The system consists of image sensor, sample cell, even light source, and a graphical user interface (GUI) software processing system, and realizes the image collection and data analysis as per the technical approach shown in Fig. 1 . The sensor uses the single lens reflex (SLR) camera (Canon EOS 60D 18MP, Japan); the GUI software processing system (software copyright No. 2013SR122183) uses MATLAB 2014b (The Mathworks, Natick, MA, USA) for compiling, which will automatically extract the image color and texture characteristics.
Nine color indexes, including red channel mean (R), green channel mean (G), blue channel mean (B), hue mean (H), vision mean (V), saturation mean (S), lightness component mean (L*), a component mean (a*), and b component (b*), were obtained by transforming the color models between red-green-blue (RGB), hue-saturation-value (HSV), and white-black, green-red, and blue-yellow (Lab). Based on the statistical attributes of a gray histogram, six texture characteristics as mean grey (m), standard deviation (δ), smoothness (r), third moment (μ), uniformity (U), and entropy (e) were calculated (Xie et al., 2014; Sanaeifar et al., 2016) , and in total 15 image characteristic variables (color and texture) were obtained.
Partial least squares (PLS) method and extreme learning machine (ELM) method (Tian and Mao, 2010; Huang et al., 2012) were used respectively to conduct linear and nonlinear quantitative modeling (Yu et al., 2016) . The performance parameters (PCs, number of principal components; R c , correlation coefficient of calibration; R p , correlation coefficient of prediction; RMSEC, root mean square error of calibration; RMSEP, root mean square error of prediction; Bias, bias ratio; SEP, standard error of prediction; CV, coefficient of variation; RPD, residual predictive deviation value of prediction) from the literature were used for reference for the evaluation indexes of the model performances . Generally, the smaller the RMSEP, SEP, CV, and Bias, the higher the R c , R p , RPD, and the accuracy and generalization of the model will be (Chia et al., 2012; Luo et al., 2014) . All the data were processed under MATLAB 2014b. Table 1 shows the results of image feature and sensory score for different levels of quality of needleshaped green tea. The correlation analysis on the appearance evaluation and vision characteristic variables of the test samples showed that: except for the values of R, G, V, L*, and U, all the image characteristic parameters are significantly correlated with the appearance scores, and exhibited the highest correlation coefficient at b* value (0.740). The analysis indicated that the green tea has the highest appearance sensory score when the color is yellow-green or tender green rather than green, yellow, or dark. This is also in accordance with the sensory evaluation standard of green tea.
As a single-hidden layer feedforward neural network (SLFN) algorithm, the ELM has a better learning Fig. 1 Flowchart of the algorithm employed for color measurement SLR: single lens reflex; PLS: partial least squares; ELM: extreme learning machine; RGB: red-green-blue; HSV: blue-saturation-value; Lab: white-black, green-red, and blue-yellow (Tian and Mao, 2010) . AdaBoost is an integration machine learning algorithm, which is often used with a plurality of weak learning algorithms to enhance ultimate performance. This paper takes ELM as the weak predictor to form the AdaBoost strong predictor and the principal component as the input item of the strong predictor to establish the Ada-ELM hybrid modeling method. It optimizes the parameters based on the RMSEC values of the model, with PCs equal to 6, and parameter Φ (the prediction error threshold value) equal to 0.061, the RMSEC of the model reaches the minimum (0.547), and the R P , RMSEP, Bias, SEP, CV, and RPD of the prediction set are 0.892, 0.874, −0.148, 0.226, 0.018, and 2.014, respectively. The performances of the PLS linear model and the nonlinear model (ELM and Ada-ELM) are compared in Table 2 . As shown, the performance parameters of the nonlinear model prediction set are obviously better than those of the linear model. The Ada-ELM model has the best prediction performance. Small SEP and CV mean a small degree of sample deviation and discrete variation. In particular, the RPD value is greater than 2, which shows that the model has good prediction and can be used for quantitative analysis.
As sensory evaluation is to use eyes to observe the color, evenness, strip thickness, purity, uniformity, and tenderness of the tea samples, integrate the vision information, and make a comprehensive evaluation through a complicated neural network system, the final sensory score has a certain nonlinear relationship with the color and the shape. The PLS method only treated the linear relationship between the variables and sensory score, which ignored the existence of the nonlinear relationship (Chen et al., 2008; Fu et al., 2013) . However, ELM is a nonlinear artificial neural network modeling method, which has stronger adaptive and generalization ability (Tian and Mao, 2010) . Hence, it has better prediction accuracy than the PLS model.
To make up for the shortage existing in the traditional sensory evaluation methods, and with the purpose of quantitatively and objectively evaluating the appearance quality of needle-shaped green tea, this paper collected the texture and color characteristics of different levels of tea samples, adopted a hybrid algorithm of AdaBoost algorithm and ELM neural network, and established a nonlinear Ada-ELM quantitative evaluation model. The results showed that the model can be used to evaluate the appearance quality of needle-shaped green tea, and the nonlinear modeling method can better represent the quantitative analytical relation between the image information and sensory scores.
This study provided an effective technical approach and idea for the development of sensory evaluation methods of tea. It is possible that transferring veteran tea makers' experience to a neural network to develop an expert decision support system or special purpose instrument, which would help achieve automatic control of needled-shaped green tea processing, and produce needled-shaped green tea with uniform quality and stable style. It is one of the most promising techniques for large-scale tea processing quality evaluation, which has become the main constraint in realizing automated and intelligent green tea processing technology. In addition, this has prospects of broad application in the tea trade as well as tea making and blending technology.
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